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ABSTRACT
We report the timing and spectral properties of Be/X-ray binary pulsar GX 304-1
by using two Suzaku observations during its 2010 August and 2012 January X-ray
outbursts. Pulsations at ∼275 s were clearly detected in the light curves from both
the observations. Pulse profiles were found to be strongly energy-dependent. During
2010 observation, prominent dips seen in soft X-ray (610 keV) pulse profiles were
found to be absent at higher energies. However, during 2012 observation, the pulse
profiles were complex due to the presence of several dips. Significant changes in the
shape of the pulse profiles were detected at high energies (>35 keV). A phase shift
of ∼0.3 was detected while comparing the phase of main dip in pulse profiles below
and above ∼35 keV. Broad-band energy spectrum of pulsar was well described by a
partially absorbed Negative and Positive power-law with Exponential cutoff (NPEX)
model with 6.4 keV iron line and a cyclotron absorption feature. Energy of cyclotron
absorption line was found to be ∼53 and 50 keV for 2010 and 2012 observations, re-
spectively, indicating a marginal positive dependence on source luminosity. Based on
the results obtained from phase-resolved spectroscopy, the absorption dips in the pulse
profiles can be interpreted as due to the presence of additional matter at same phases.
Observed positive correlation between cyclotron line energy and luminosity, and sig-
nificant pulse-phase variation of cyclotron parameters are discussed in the perspective
of theoretical models on cyclotron absorption line in X-ray pulsars.
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1 INTRODUCTION
Be/X-ray binary pulsar GX 304-1 was discovered during
hard X-ray sky surveys with balloon observations in 1967
(McClintock et al. 1971). The X-ray source was detected
with successive space missions and recognized as 3U 1258-
61, 4U 1258-61 & 2S 1258-613 (Giacconi et al. 1974; Bradt et
al. 1977; Forman et al. 1978). Using data from SAS − 3 ob-
servations, X-ray pulsations at ∼272 s were discovered in the
source (McClintock et al. 1977). Spectral investigation of the
pulsar, carried out from balloon observations, showed that
the continuum spectrum in 18-35 keV range was described
by a power-law (Maurer et al. 1982). Later, a power-law
model modified with high energy cutoff was used to explain
the 2-40 keV continuum spectrum obtained from HEAO 1
observation of the pulsar (White, Swank & Holt 1983). An-
alyzing the periodicity of the X-ray outbursts in 7 years of
⋆ gaurava@prl.res.in
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data from V ela 5B, the orbital period of the GX 304-1 was
reported to be 132.5 d (Priedhorsky & Terrell 1983). A shell
star with visual magnitude of 15 was discovered in the X-ray
error box of the neutron star and identified as the optical
companion of the pulsar (Mason et al. 1978). High resolu-
tion optical spectroscopy established the spectral class of the
companion as Be star of type B2 Vne which is at a distance
of 2.4±0.5 kpc (Parkes et al. 1980).
GX 304-1 was monitored with EXOSAT covering a du-
ration of an expected outburst in 1984 July/August (Pietsch
et al. 1986). However, no X-ray outburst was detected dur-
ing the EXOSAT monitoring campaign. In contrast, the
source flux was estimated to be significantly low e.g. by a
factor of 25, than the quiescent flux level. This observed pe-
culiarity was characterized as the X-ray “off” state of the
pulsar. Long term optical monitoring of the Be companion
star in 1978-1988 suggested a major change (loss) in the Be
envelop or circumstellar disk, the consequence of which is
considered as the possible cause of the X-ray “off” state in
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Figure 1. Swift/BAT light curves of GX 304-1 in the 15-50 keV energy band, from 2010 July 28 (MJD 55405) to 2010 September 06
(MJD 55445) and 2011 December 30 (MJD 55925) to 2012 February 18 (MJD 55975) are shown in both sides of first panel, respectively.
The arrow marks in both sides of first panel shows the date of Suzaku observations of GX 304-1 during outburst. Corresponding pulse
profiles in 0.5-10 keV (XIS-0; second panel), 10-70 keV (PIN; third panel) and 40-200 keV (GSO; fourth panel) obtained from the
background subtracted light curves of both the observations are shown in both sides of figure. Phase zero was arbitrarily chosen at MJD
55421.76 and 55957.4326 for first and second observations, respectively. The errors in the pulse profiles are estimated for 1σ confidence
level and two pulses are shown for clarity.
GX 304-1 (Corbet et al. 1986; Pietsch et al. 1986; Haefner
1988).
After 28 years of quiescence, an X-ray outburst was de-
tected from GX 304-1 with the INTEGRAL observatory in
2008 June (Manousakis et al. 2008) after which the source
was found to be active in X-rays. Since then, several X-ray
outbursts have been detected in the pulsar with Swift/BAT
and MAXI (Yamamoto et al. 2009, 2012; Krimm et al.
2010; Mihara et al. 2010). Using the Rossi X-Ray Tim-
ing Explorer (RXTE) observations during 2010 August out-
burst, energy and luminosity dependence of pulse profiles
were found in GX 304-1 (Devasia et al. 2011). Apart from
the evolution of pulse profiles, a quasi-periodic oscillation
(QPO) at ∼0.125 Hz was detected with harmonics in several
RXTE/PCA observations during this outburst. The pulsar
spectrum in 3-30 keV range was described with a partial
covering high energy cutoff power-law model (Devasia et al.
2011). During the same outburst in 2010 August, a cyclotron
absorption feature at ∼54 keV was detected in the pul-
sar spectrum (Yamamoto et al. 2011) and the correspond-
ing magnetic field of the neutron star was estimated to be
∼4.7×1012 G. A positive correlation between cyclotron en-
ergy and luminosity was seen during 2012 January-February
outburst with INTEGRAL (Klochkov et al. 2012). Malacaria
et al. (2015) performed timing and spectral analysis of the
pulsar using the same INTEGRAL data. The shape of the
pulse profiles obtained from these observations were found
to be similar in 20-40 keV, 40-60 keV and 18-80 keV en-
ergy ranges. Phase-resolved spectroscopy was carried out
by stacking multiple spectra of different fluxes. From this
analysis, the cyclotron absorption line energy was found to
be nearly constant (within errors) with pulse phases, ex-
cept about 10% variation at one phase bin (Malacaria et
al. 2015). The evolution of the pulse period with luminosity
was studied by using data fromMAXI/GSC, RXTE/PCA,
Swift/XRT and Fermi/GBM observations during a series
of outbursts from 2009 to 2013 (Postnov et al. 2015; Sug-
izaki et al. 2015). The observed pulse period variation was
interpreted in terms of binary modulation along with the
spinning-up of the neutron star. The orbital parameters of
the binary system were estimated to be – orbital period
= 132.19 d, epoch at the periastron = MJD 55425, pulse
c© 0000 RAS, MNRAS 000, 000–000
Suzaku view of GX 304-1 3
0.6
0.8
1
1.2
1.4
0.5−2 keVXIS−0
0.6
0.8
1
1.2
1.4
2−4 keVXIS−0
0.6
0.8
1
1.2
1.4
N
or
m
ali
ze
d 
in
ten
sit
y
4−6 keVXIS−0
0.6
0.8
1
1.2
1.4
6−8 keVXIS−0
0 0.5 1 1.5 2
0.6
0.8
1
1.2
1.4
Pulse Phase
8−10 keVXIS−0
0.6
0.8
1
1.2
1.4
10−12 keVXIS−0
0.6
0.8
1
1.2
1.4 12−15 keVPIN
0.6
0.8
1
1.2
1.4 15−20 keVPIN
0.6
0.8
1
1.2
1.4 20−25 keVPIN
0 0.5 1 1.5 2
0.6
0.8
1
1.2
1.4
Pulse Phase
25−30 keVPIN
0.6
0.8
1
1.2
1.4
30−35 keVPIN
0.6
0.8
1
1.2
1.4
35−40 keVPIN
0.6
0.8
1
1.2
1.4
40−45 keVPIN
0.6
0.8
1
1.2
1.4
45−50 keVPIN
0 0.5 1 1.5 2
0.6
0.8
1
1.2
1.4
Pulse Phase
50−60 keVPIN
0.8
1
1.2
50−60 keVGSO
0.8
1
1.2
60−80 keVGSO
0
1
2
80−100 keVGSO
0
2
4 100−120 keVGSO
0 0.5 1 1.5 2
−10
0
10
Pulse Phase
120−150 keVGSO
Figure 2. Energy-resolved pulse profiles of GX 304-1 obtained from XIS-0, HXD/PIN and HXD/GSO light curves at various energy
ranges, during first Suzaku observation in 2010 August outburst. The presence of absorption dips in profiles can be seen at various pulse
phases. The error bars represent 1σ uncertainties. Two pulses in each panel are shown for clarity.
period ≃275.45 s, orbital eccentricity ≃ 0.5, ax sin i ≃ 500–
600 light-s and ω at periastron ≃ 122.5◦–130◦ (Sugizaki et
al. 2015).
In this work, the timing and broad-band spectral prop-
erties of GX 304-1 were presented in detail by using two
Suzaku observations during its outbursts in 2010 August and
2012 January. Earlier, the evolution of pulse profiles up to
∼30 keV had been reported by using RXTE/PCA obser-
vations during 2010 outburst (Devasia et al. 2011). Using
Suzaku observations, the evolution of pulse profiles up to
∼150 keV has been presented in this paper. The observed
changes in the shape of pulse profiles close to the cyclotron
absorption line are also being discussed. Although spectral
studies of the pulsar during its 2012 outburst has been re-
ported in 5-100 keV range by using INTEGRAL observa-
tions (Malacaria et al. 2015), Suzaku observations provide
a better opportunity to investigate a detailed spectral and
timing study in broad energy range (1-150 keV). The details
of observations, data analysis, results and interpretations are
described in following sections of the paper.
2 OBSERVATION AND ANALYSIS
Suzaku, the fifth Japanese X-ray mission, was launched by
Japan Aerospace Exploration Agency (JAXA) on 2005 July
10 (Mitsuda et al. 2007). It offers a broad energy coverage
(0.2-600 keV) in the electromagnetic spectrum by using two
sets of instruments e.g. the X-ray Imaging Spectrometers
(XIS; Koyama et al. 2007) and Hard X-ray Detectors (HXD;
Takahashi et al. 2007). The XISs are imaging CCD cameras
and cover 0.2-12 keV energy range. Among four XISs, three
XISs (XIS-0, XIS-2, XIS-3) are front-illuminated whereas
one XIS (XIS-1) is back-illuminated. The effective areas of
front and back-illuminated XISs are 340 cm2 and 390 cm2 at
1.5 keV, respectively. Field of view of XIS detectors is 18′ ×
18′ in full window mode. The HXD unit of Suzaku consists
of two sets of detectors such as HXD/PIN and HXD/GSO.
HXD/PIN is a silicon diode detector covering 10-70 keV
energy range, whereas HXD/GSO is a crystal scintillator
detector working in 40-600 keV energy range. Effective areas
for HXD/PIN and HXD/GSO are 145 cm2 at 15 keV and
315 cm2 at 100 keV, respectively. Field of view of HXD/PIN
and HXD/GSO (up to 100 keV) is 34′ × 34′.
GX 304-1 was observed with Suzaku during its outbursts
in 2010 August and 2012 January. Swift/BAT light curves
of the pulsar in 15-50 keV range, covering the outbursts are
shown in top panels of Fig. 1. Arrow marks in both panels
indicate the date of Suzaku observation of GX 304-1 dur-
ing respective outbursts. During 2010 August outburst, the
Suzaku observation was carried out at the peak of outburst
whereas the second observation was made during the decay
phase of the 2012 January outburst. The first observation
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Energy-resolved pulse profiles of GX 304-1 obtained from XIS-0, HXD/PIN and HXD/GSO light curves at various energy
ranges, during second Suzaku observation in 2012 January outburst. The presence of absorption dips in profiles at higher energies can
be seen at various pulse phases. The error bars represent 1σ uncertainties. Two pulses in each panel are shown for clarity.
was performed on 2010 August 13, in ‘HXD nominal’ po-
sition with an effective exposure of ∼5.1 ks and ∼12.9 ks
for XIS and HXD detectors, respectively. However, the sec-
ond observation was made during 2012 January 31-February
02 for a longer effective exposures of ∼16.5 ks for XIS and
∼58.7 ks for HXD. The second observation was performed
in ‘XIS nominal’ position. During both observations, the
XIS detectors were operated in “burst” clock mode with
‘1/4’ window option yielding 0.5 s time resolution. The pub-
licly available archival data (observation IDs: 905002010 and
406060010) were used in the present study. Heasoft software
package of version 6.12 and calibration database (CALDB)
for XIS and HXD released on 2014 February 03 and 2011
September 13, respectively, were used in the data analysis.
The unfiltered event data files were reprocessed by ap-
plying the ‘aepipeline’ package of FTOOLS. The clean event
files generated after the reprocessing of XIS and HXD un-
filtered event data were used in our analysis. The arrival
times of the X-ray photons recorded in XIS and HXD event
data were corrected for solar system barycenter by applying
‘aebarycen’ task of FTOOLS. The light curves and spectra
of the pulsar were extracted from clean event data by using
the XSELECT package of FTOOLS. The XIS event data
were corrected for the effect of thermal flexing and wobbling
by applying attitude correction script aeattcor.sl1. Subse-
quently, the pile-up estimation was made for XISs data by
using S-lang script pile estimate.sl2. For first observation, a
pile-up of ∼22%, ∼18% and ∼28% was found at the centers
of XIS-0, XIS-1 and XIS-3, respectively. Therefore, an an-
nulus region with inner and outer radii of 60′′ and 180′′ was
selected to reduce the effect of pile-up to 64%. During the
second observation, the pile-up was estimated to be 17%,
13% and 18% at the centers of XIS-0, XIS-1 and XIS-3, re-
spectively. An annular region with 40′′ inner and 180′′ outer
radii was used to reduce the pile-up effect to 64% for the
second observation. These annulus regions were used for the
extraction of source light curves and spectra from cleaned
XIS event data. The XIS background light curves and spec-
tra were extracted from the event data by selecting a circular
region away from the source. Response matrices and effec-
tive area files for XISs were created by using ‘xisrmfgen’ and
‘xissimarfgen’ tasks of FTOOLS, respectively. HXD being a
non-imaging detector system, source light curves and spec-
tra were obtained from cleaned HXD/PIN and HXD/GSO
event data by using XSELECT package. However, PIN and
GSO background light curves and spectra were accumulated
from simulated non-X-ray background event files provided
1 http://space.mit.edu/ASC/software/suzaku/aeattcor.sl
2 http://space.mit.edu/ASC/software/suzaku/pile estimate.sl
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by the instrument team. A correction for cosmic X-ray back-
ground (CXB3) was also applied to PIN spectrum. In our
spectral analysis, HXD/PIN response files released in 2010
July and 2011 June were used for 2010 August and 2012
January observations, respectively. For GSO data, response
and effective area files released in 2010 May were used for
2010 August observations.
3 RESULTS
3.1 Timing Analysis
As described above, source and background light curves
with 1 s time resolution were extracted from barycentric
corrected XIS-0, PIN and GSO event data for both the
observations. The χ2-maximization technique was used to
estimate the pulse period of the pulsar. Pulsations at pe-
riods of 275.45±0.05 and 274.88±0.01 s were detected in
the source light curves obtained from the first and second
Suzaku observations, respectively. Quoted errors in pulse pe-
riod are calculated for 90% confidence level. The estimated
pulse periods were used to generate pulse profiles from back-
ground subtracted light curves from corresponding observa-
tions. Pulse profiles in 0.5-10 keV (XIS-0), 10-70 keV (PIN)
and 40-200 keV (GSO) energy ranges for both the obser-
vations are shown in second, third and fourth panels of
Fig. 1, respectively. Pulse profiles were generated by using
55421.7600 MJD as epoch (phase zero) for the first obser-
vation where as 55957.4326 MJD was used for the second
observation.
Strong energy dependence of pulse profiles can be
clearly seen during both observations (Fig. 1) . Absorption
dips at certain phases were seen in the soft X-ray pulse pro-
files (0.5-10 keV range). However, these dips disappeared
from the pulse profiles in 10-70 keV range. The pulsations
were absent or marginally seen in 40-200 keV pulse profiles
obtained from GSO light curves. Apart from the energy de-
pendence, the pulse profiles are also found to be luminosity
dependent. The top panels of the Fig. 1 show that the Suzaku
observations of the pulsar were carried out at different lu-
minosity levels e.g. the source was comparatively brighter
during the 2010 August observation than the 2012 January
observation. However, the shape of the pulse profiles in soft
and hard X-rays (second and third panels) are different due
to the presence of absorption dips or dip-like features. Along
with the energy and luminosity dependence of the pulse pro-
files in GX 304-1, a phase shift of ∼0.1 (see Fig. 1) was also
found between the soft (XIS) and hard (PIN) X-ray pulse
profiles obtained from both the observations.
To investigate the evolution of pulse profiles with en-
ergy during both Suzaku observations, we generated energy
resolved pulse profiles in various energy bands and are shown
in Fig. 2 & 3 for first and second observations, respectively.
It can be seen from Fig. 2 that a prominent and narrow
absorption dip was present in pulse profiles up to ∼8 keV.
Beyond this energy, the peak in the pulse profiles prior to
the dip (6 0.3 phase; left panels of Fig. 2) disappeared and
broadened the minima in the pulse profile to 0.05-0.25 pulse
3 http://heasarc.nasa.gov/docs/suzaku/analysis/pin cxb.html
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Figure 4. Energy spectrum of GX 304-1 in 1-130 keV energy
range obtained with the XIS-0, XIS-3, PIN and GSO detectors
from the first Suzaku observation in 2010 August outburst, along
with the best-fit model comprising a partial covering NPEX con-
tinuum model, a Gaussian function for iron emission line and a
cyclotron absorption component. The middle and bottom pan-
els show the contributions of the residuals to χ2 for each energy
bin for the partial covering NPEX continuum model without and
with cyclotron component in the model, respectively.
phase range (panels in second column of Fig. 2). We sug-
gest that this broadening of the minima in the pulse profile
is the possible cause of observed ∼0.1 phase shift in the
soft (0.5-10 keV) and hard X-ray (10-70 keV) pulse profiles.
A careful inspection of Fig. 2 & 3 showed that the pulse
profiles were complex due to presence of several absorption
features (dips) at various pulse phases and strongly energy
dependent up to ∼12 keV beyond which the shape of the
profiles became simple up to ∼35 keV. The main dip in the
pulse profiles in this energy range (12-35 keV) was observed
to be phase-shifted by ∼0.1 phase compared to that in soft
X-ray profiles. In pulse profiles beyond ∼35 keV, the main
dip at ∼0.1 phase appeared to be filled-up gradually with
increase in energy. Along with the increase in the normalized
intensity at ∼0.1 phase (Fig. 2 & 3), a significant decrease
in intensity was observed at ∼0.7-0.8 phase range which ap-
peared as the main dip in hard X-ray pulse profiles. These
hard X-ray pulse profiles (>40 keV) appeared to be single-
peaked and pulsations were detected up to ∼120 keV.
The energy resolved pulse profiles of GX 304-1 were
found to be complex during both the Suzaku observations.
Presence of multiple narrow and prominent absorption dips
were seen up to as high as ∼50 keV. Beyond this energy, the
profiles appeared relatively simple. Presence of prominent
dips up to higher energies and sudden change in phase of
main dip in pulse profiles beyond ∼35 keV made it inter-
esting to investigate the properties of pulsar through phase-
averaged and phase-resolved spectroscopy.
3.2 Spectral Analysis
3.2.1 Pulse-phase-averaged spectroscopy
Phase-averaged spectroscopy was performed by using spec-
tra accumulated from XIS-0, XIS-1, XIS-3, PIN and GSO
data obtained from both the observations. Earlier described
c© 0000 RAS, MNRAS 000, 000–000
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Table 1. Best-fitting parameters (with 90% errors) obtained from the spectral fitting of Suzaku observations of GX 304-1 during 2010
August and 2012 January outbursts. Model-1 : partial covering NPEX model with Gaussian component; Model-2 : partial covering NPEX
model with Gaussian component and cyclotron absorption line.
Parameter 2010 August 2012 January
Model-1 Model-2 Model-1 Model-2
NH1
a 1.04±0.02 1.02±0.02 0.98±0.02 0.97±0.02
NH2
b 13.2±1 13.7±1.2 5.7±0.5 5.3±0.5
Cov. fraction 0.35±0.02 0.32±0.02 0.25±0.02 0.23±0.02
Photon index 0.6±0.03 0.57±0.03 0.42±0.02 0.43±0.02
Ecut (keV) 6.6±0.1 7.1±0.2 6.8±0.1 7.4±0.2
Fe line energy (keV) 6.41±0.02 6.41±0.02 6.41±0.01 6.41±0.01
Eq. width of Fe line (eV) 44±7 43±8 23±2 23±3
Cyclotron line energy (keV) – 53.2±0.8 – 50±1
Width of cyclotron line (keV) – 6.5+2.1
−1.6 – 5.5
+2.6
−1.8
Depth of cyclotron line – 0.8±0.1 – 0.5±0.1
Fluxc (1-10 keV) 9.2±0.5 9.2±0.6 4.9±0.2 4.9±0.2
Fluxc (10-70 keV) 24.5±1.5 24.4±2.0 9.6±0.5 9.6±1.1
Fluxc (70-130 keV) 0.2±0.1 0.2±0.1 – –
χ2 (dofs) 857 (527) 638 (524) 863 (588) 765 (585)
a : Equivalent hydrogen column density in the source direction (in 1022 atoms cm−2 units),
b : Additional hydrogen column density (in 1022 atoms cm−2 units),
c : Absorption corrected flux in units of 10−9 ergs cm−2 s−1.
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Figure 5. Energy spectrum of GX 304-1 in 1-70 keV energy
range obtained with the XIS-0, XIS-3 and PIN detectors from
the second Suzaku observation in 2012 January outburst, along
with the best-fit model comprising a partial covering NPEX con-
tinuum model, a Gaussian function for iron emission line and a
cyclotron absorption component. The middle and bottom pan-
els show the contributions of the residuals to χ2 for each energy
bin for the partial covering NPEX continuum model without and
with cyclotron component in the model, respectively.
procedures were followed to obtain source and background
spectra, response matrices and effective area files for corre-
sponding detectors. After appropriate background subtrac-
tion, simultaneous spectral fitting was carried out by using
XSPEC v12.7 package. As the pulsar was bright during the
first observation, broad-band spectral fitting was carried out
in 1-130 keV range. However, data in 1-70 keV energy range
were used for simultaneous fitting for second observation.
The XIS spectra from 2010 August observation were binned
by a factor of 4 up to 3 keV, a factor of 6 from 3 to 7 keV and
a factor of 8 from 7 to 10 keV, whereas for 2012 January ob-
servation, the XIS spectra were binned by a factor of 5 up to
10 keV. PIN spectra from both the observations were binned
by a factor of 2 from 25 keV to 45 keV, a factor of 3 from
45 keV to 50 keV and a factor of 5 from 50 to 70 keV. The
GSO spectra were grouped as suggested by instrumentation
team. Data in 1.7-1.9 keV and 2.2-2.4 keV energy ranges
were ignored from the spectral fitting due to the presence
of known Si and Au edge features in the XIS spectra. All
the spectral parameters except the relative normalization of
detectors were tied together during the fitting.
It has been found that the phase-averaged spectra of
Be/X-ray binary pulsars during outbursts have been de-
scribed by power-law (e.g. GX 304-1; Maurer et al. 1982),
high energy cutoff power-law (e.g. 4U 0115+63, 4U 1145-61,
GX 304-1; White et al. 1983), Fermi Dirac cutoff power-
law (e.g. X0331+53, A 0535+26; Tanaka 1986), NPEX (e.g.
4U 0115+63, X0331+53, Cep X-4; Makishima et al. 1999)
continuum models. However, recently it has been found that
while performing phase-resolved spectroscopy on data taken
during X-ray outbursts of these pulsars, above models do not
yield acceptable fit at all phase bins, specifically at phases
of prominent and narrow absorption dips in the pulse pro-
files (Naik et al. 2011; Paul & Naik 2011; Naik et al. 2013
and references therein). To investigate the changes in spec-
tral parameters at all phase bins (dip and non-dip phases of
the pulse profiles), a partial covering absorption component
has been added to above standard continuum models. Ad-
dition of this component to the continuum model resulted
in getting acceptable fit to all phase bins and explained the
cause of the narrow and prominent dips in the pulse profiles.
Partial covering absorption model consists of two different
power-law components with same photon index but different
normalizations, being absorbed by different column densities
(NH1 & NH2), respectively (Endo et al. 2000).
In the beginning, standard continuum models such
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Figure 6. The χ2 confidence contours between high energy cutoff, cyclotron line energy and width, obtained from the phase averaged
spectra fitted by the partial covering NPEX model with cyclotron component during 2010 August (upper panel) and 2012 January (lower
panel) Suzaku observations. The innermost to outermost contours represent 68%, 90% and 99% confidence levels, respectively. The “+”
sign indicates the best fit values for both parameters.
as high energy cutoff power-law (HECUT; White et al.
1983), Fermi Dirac cutoff power-law (FDCUT; Tanaka
1986), NewHcut (Burderi et al. 2000), cutoff power-law,
NPEX (Makishima et al. 1999) and Thermal Comptoniza-
tion model (CompTT; Titarchuk 1994) were used in our
spectral fitting to describe the continuum spectrum of
GX 304-1. Due to the presence of narrow absorption dips in
the pulse profiles of the pulsar (previous section) as seen in
other Be/X-ray binary pulsars, a partial covering absorption
component was added to above continuum models. Among
these models, partial covering NPEX continuum model was
found to fit the source spectra obtained from both the obser-
vations better than all other continuum models. We selected
this model to use in phase-averaged and phase-resolved spec-
tral analysis of both the Suzaku observations of GX 304-1.
The NPEX continuum model is a combination of two
power-laws with positive and negative indices and a high en-
ergy cutoff. This model is an approximation of the unsatu-
rated thermal Comptonization in hot plasma. The analytical
form of NPEX model is
NPEX(E) = (N1E
−α1 +N2E
+α2) exp
(
−
E
kT
)
where N1, α1 and N2, α2 are the normalization and
photon index of the negative and positive power laws, re-
spectively. kT represents the cutoff energy in the unit of
keV. The photon index of positive power law is fixed at a
value of 2, representing Wien’s peak. During the spectral
modeling, we found that the partial covering NPEX model
described the 1-130 keV (2010 observation) and 1-70 keV
(2012 observation) spectra of the pulsar well. In addition to
the continuum, iron fluorescence emission line at ∼6.4 keV
was detected in spectrum during both the observations. A
weak iron emission edge like feature was found in the resid-
ual during the fitting of second observation. This was mod-
eled by the addition of an edge component at ∼7.7 keV in
the spectral model.
An absorption like feature at ∼54 keV was clearly seen
in residuals obtained from spectral fittings of both the ob-
servations. Addition of a cyclotron absorption component
(‘CYCLABS’ in XSPEC package) in the partial covering
NPEX continuum model improved spectral fitting further
with reduced χ2 of ∼1.5 for both the observations. The
values of reduced χ2, though acceptable, are found to be
large. Investigating the residuals in 1-10 keV range, we no-
ticed a marginal cross calibration uncertainties present be-
tween XIS-1 (back illuminated CCD) and XIS-0 & 3 (front-
illuminated CCD) spectra. While fitting the broad-band
spectra without considering data from XIS-1, the values of
reduced χ2 obtained are 1.22 and 1.31 for first and sec-
ond observations, respectively. Best-fit model parameters
obtained from simultaneous spectral fitting of XIS-0 & 3,
PIN and GSO data are given in Table 1. The energy spectra
of the pulsar along with the best-fit model components are
shown in Fig. 4 and 5. The middle and bottom panels in
each figure show the residuals to the best-fit model without
and with the addition of cyclotron absorption feature in the
continuum model, respectively. The χ2 confidence contours
were plotted to check the dependence of the cyclotron line
energy on high energy cutoff and cyclotron width and are
shown in the top and bottom panels of Fig. 6 for first and
second observations, respectively. We did not find any strong
degeneracy among these spectral parameters.
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Figure 7. Spectral parameters obtained from the phase-resolved spectroscopy of GX 304-1 during the Suzaku observation in 2010
August. The first and second panels in both sides show pulse profiles of the pulsar in 0.5-10 keV (XIS-0) and 10-70 keV (HXD/PIN)
energy ranges. The values of NH2 , covering fraction, power-law photon index and cutoff energy (Ecut) are shown in third, fourth, fifth
and sixth panels in left side, respectively. The cyclotron line parameters such as depth (third panel), line energy (fourth panel), source
flux in 1-10 keV (fifth panel) and 10-70 keV (sixth panel) are shown in right side of the figure. Solid circles in the fourth panel in right
side indicate that the cyclotron line energy was fixed for corresponding phase-bin at the phase-averaged value. The errors in the figure
are estimated for 90% confidence level.
3.2.2 Pulse-phase-resolved spectroscopy
Pulse profiles of GX 304-1 are found to be different even
when compared at same energy range from both Suzaku
observations. Therefore, it is interesting to perform phase-
resolved spectroscopy to probe the changes in spectral pa-
rameters with pulse phase and then compare with the ob-
servations at different luminosity level. As the first observa-
tion was for a relatively short exposure (∼13 ks for HXD)
compared to the second observation (∼59 ks for HXD),
phase-resolved spectroscopy was carried out by accumulat-
ing source spectra in 10 and 16 pulse-phase bins for first
and second observations, respectively. Reprocessed XIS and
PIN event data from both the observations were used to
extract phase-resolved spectra by applying phase filter in
XSELECT package. Data from HXD/GSO detector were
not used in the phase resolved spectroscopy due to lack of
sufficient hard X-ray photons in each phase bin. Background
spectra and response matrices used in phase-averaged spec-
troscopy were also used in phase-resolved spectral fitting.
Simultaneous spectral fitting was carried out on phase-
resolved spectra obtained from both the observations by
using partial covering NPEX continuum model along with
the cyclotron absorption component and Gaussian function
for the iron emission line. While fitting, the values of rela-
tive instrument normalizations, equivalent hydrogen column
density (NH1) and iron emission line parameters were fixed
at the corresponding values obtained from phase-averaged
spectroscopy. The width of the cyclotron absorption line was
fixed at the phase averaged value to constrain the feature.
Spectral parameters obtained from fitting the XIS and PIN
phase resolved spectra are shown in Fig. 7 and 8 for 2010
August 13 and 2012 January 31 observations, respectively.
Pulse profiles obtained from XIS-0 and PIN event data of
each observation are also shown in top two panels of these
figures.
During both the observations, all the spectral parame-
ters showed significant variability with pulse-phase of the
pulsar. Fig. 7 (2010 August observation) shows that the
value of additional hydrogen column density (NH2) varies
in 1-30 × 1022 cm−2 range over pulse phases. The value of
NH2 was increased from 0.3 phase and became maximum in
0.6-1.0 phase range. It can be seen that normalized inten-
sity (XIS pulse profile; top panel) was low at 0.6 phase and
remain steady before reaching the minimum value at 1.0
phase. Decrease in the normalized intensity of the pulsar
during above pulse phase range and simultaneous increase
in the value of NH2 confirm that the plateau like feature in
XIS pulse profile in 0.6-1.0 pulse phase range was due to the
presence of additional absorbing material close to the pul-
sar. This can also explain the presence of an absorption dip
in the XIS pulse profile and an increase in the NH2 value in
0.3-0.4 phase range of the pulsar. As in case of NH2 , the cov-
ering fraction of the additional absorption was also found to
be comparatively high during the dip and plateau region. As
expected, the values of power-law photon index and cutoff
c© 0000 RAS, MNRAS 000, 000–000
Suzaku view of GX 304-1 9
1
1.5
N
or
m
al
iz
ed
 In
te
ns
ity
XIS−0
1
1.5
PIN
20
40
60
80
(10
22
 
cm
−
2 )
N
H
2
0.2
0.4
0.6
0.8
Fr
ac
tio
n
Co
ve
rin
g
0.5
1
In
de
x
Ph
ot
on
0 0.5 1 1.5 2
5
10
15
20
(ke
V)
E c
u
t
Pulse Phase
1
1.5
N
or
m
al
iz
ed
 In
te
ns
ity
XIS−0
1
1.5
PIN
0.5
1
1.5
D
cy
cl
ot
ro
n
40
45
50
(ke
V)
E c
yc
lo
tro
n
3
4
5
6
Fl
ux
(10
−
9  
er
gs
 c
m
−
2 s
−
1 )
1−10 keV
0 0.5 1 1.5 2
8
10
12
14
Pulse Phase
10−70 keV
Figure 8. Spectral parameters obtained from the phase-resolved spectroscopy of GX 304-1 during the Suzaku observation in 2012
January. The first and second panels in both sides show pulse profiles of the pulsar in 0.5-10 keV (XIS-0) and 10-70 keV (HXD/PIN)
energy ranges. The values of NH2 , covering fraction, photon index and cutoff energy (Ecut) are shown in third, fourth, fifth and sixth
panels in left side, respectively. The cyclotron line parameters such as depth (third panel), line energy (fourth panel), source flux in
1-10 keV (fifth panel) and 10-70 keV (sixth panel) are shown in right side of the figure. The errors in the figure are estimated for 90%
confidence level.
energy were high during the main dip in the XIS and PIN
pulse profiles. The depth of the cyclotron absorption feature
was found to be variable and single peaked. The energy of
cyclotron absorption feature also showed variation over the
pulse phase of the pulsar. The values of both the parame-
ters were maximum at dip phase of the pulsar and gradually
decreased to minimum value in 0.5-0.8 phase range. Data
gaps in third and fourth panels in second column are due
to the non-detection of cyclotron features in the spectral fit-
ting for corresponding phase-bins. The flux in 1-10 keV and
10-70 keV shows variation with pulse phase and follows the
shape of pulse profile in respective energy bands.
Though the shape of XIS and PIN pulse profiles of the
pulsar were significantly different during second Suzaku ob-
servation, the variation of spectral parameters over pulse
phase was comparable. High values of absorption column
density were found at phases of absorption dip in XIS pulse
profile. The values of power-law photon index, cutoff energy,
depth and energy of cyclotron absorption line, source flux
in 1-10 keV and 10-70 keV were followed similar pattern
as seen during the 2010 August Suzaku observation of the
pulsar. Though the number of absorption dips and shape of
the pulse profiles of the pulsar during both the observations
were different, presence of additional matter as the cause of
absorption dips in the soft X-ray profiles is supported by the
findings in the present work. However, low value (65×1022
cm−2) of absorption column density at ∼0.1-0.2 phase range
(Fig. 2 & 3) suggested that the cause of absorption dip at
above phase range in the hard X-ray pulse profiles was dif-
ferent.
4 DISCUSSION AND CONCLUSIONS
Pulse profiles of transient X-ray binary pulsars are complex
due to the presence of multiple absorption dips/features at
lower energies. These absorption features are strongly en-
ergy dependent – prominent in soft X-ray pulse profiles and
gradually disappear at higher energies. Complex structures
or absorption dips in pulse profiles originate due to the
photo-electric absorption of soft X-ray photons by matter
present around the neutron star. This can be confirmed by
investigating energy resolved pulse profiles and the evolu-
tion of spectral properties with pulse phases of the pulsar.
Among the accretion powered X-ray pulsars, the pulse pro-
files of Be/X-ray binary pulsars during outbursts are found
to be complex. These pulsars show regular and periodic X-
ray outbursts (Type I) that are associated with the perias-
tron passage of the neutron star. During periastron passage,
the neutron star captures copious amount of matter from
the circumstellar disk of the Be companion star and under-
goes X-ray outbursts. Typical X-ray luminosity of the pulsar
during Type I outburst is ∼1036−37 erg s−1 (Negueruela et
al. 1998). In case of GX 304-1, Type I X-ray outbursts occur
at a period of 132.5 d. Using instruments with good time res-
olution and wide-band energy coverage capabilities onboard
Suzaku, we carried out a detailed study of the pulsar dur-
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ing two Type I outbursts. We also performed pulse-phase
resolved spectroscopy of GX 304-1 to study the evolution of
spectral parameters during these outbursts.
4.1 Pulse Profiles
Pulse profiles of GX 304-1 appeared to be different dur-
ing 2010 August and 2012 January Type I outbursts. Dur-
ing 2010 August observation, the profiles were complex due
to the presence/absence of peaks and dips at several pulse
phases in soft and hard X-ray energy ranges. Due to this,
a phase shift of ∼0.1 was visible between the soft and hard
X-ray pulse profiles (Fig. 1 & 2). However, the shape of
the pulse profiles of the pulsar during 2012 January out-
burst were significantly different compared to 2010 August
outburst. Number of absorption dips in the pulse profiles
was more during 2012 observation. The strength of these
dips was also prominent compared to the earlier observa-
tion. These dips were present in the pulse profiles up to
higher energies unlike the 2010 August observation, where
the dips were seen in the pulse profiles up to ∼10 keV.
Pulse-phase resolved spectroscopy during both the obser-
vations revealed the presence of additional matter at cer-
tain phases, causing the absorption dips in the soft X-ray
pulse profiles. During 2012 observation, more number of nar-
row absorption dips in the pulse profiles suggest the pres-
ence of dense narrow streams of matter around the neu-
tron star. However, during 2010 observation, relatively sim-
pler profile with single absorption dip and a plateau phase
suggests that the matter distribution around the neutron
star is different and relatively simple. The luminosity of the
pulsar during 2010 Suzaku observation was estimated to be
higher (2.3×1037ergs s−1) than the 2012 Suzaku observation
(1×1037ergs s−1). The peak luminosity of 2010 August out-
burst was also found to be high compare to the 2012 January
outburst (first panels of Fig. 1). As both the outbursts are
Type I X-ray outbursts, observed difference in the shape of
the pulse profiles must be due to the difference in the sub-
sequent mass accretion rate.
As in case of GX 304-1, another transient Be/X-ray bi-
nary pulsar EXO 2030+375 was also observed at the peaks
of 2007 May and 2012 May Type-I outbursts with Suzaku.
The pulse profiles of EXO 2030+375 during these two out-
bursts were significantly different (Naik et al. 2013; Naik &
Jaisawal 2015). During the luminous outburst in 2007 May,
the pulse profile of EXO 2030+375 consisted of several ab-
sorption dips as seen in the pulse profiles of GX 304-1 dur-
ing 2012 January outburst. However, during the less intense
2012 May outburst, the pulse profiles were relatively smooth.
Difference in the mass accretion rate during these two Type I
outbursts was interpreted as the cause of different shape of
pulse profiles in EXO 2030+375. Such type of pulse profiles
with multiple dips are also seen in other Be/X-ray binary
pulsars such as A0535+35 (Naik et al. 2008), GRO J1008-57
(Naik et al. 2011), 1A 1118–61 (Maitra et al. 2012 and ref-
erences therein). The dips in pulse profiles of these pulsars
are originated due to the absorption of emitted radiation
by matter close to the neutron star. In most of the cases,
the dips in the pulse profiles are seen only in soft X-rays.
However, there are a few Be/X-ray pulsar in which the ab-
sorption dips are seen at same phase in the pulse profiles up
to higher energy (∼70 keV) e.g. EXO 2030+375 (Naik et al.
2013). This is interpreted as due to the presence of dense
additional absorbers at various narrow pulse phase bins of
the pulsar. Though, dip-like features in GX 304-1 (present
work) appeared up to ∼50 keV, the low value of additional
column density at dip phases suggests that absorption is not
the cause of these dips in hard X-ray pulse profiles.
Energy resolved pulse profiles of GX 304-1, obtained
from both the Suzaku observations revealed a significant
phase-shift (∼0.35) of the main dip in profiles at energies
below and above ∼35 keV. The observed phase-shift of the
main dip happened to occur at an energy close to the cy-
clotron absorption line energy in GX 304-1. Such type of
effects e.g. phase-shifts (lags) or significant variations in
pulse profiles close to the cyclotron absorption line energy
are also seen in two other Be/X-ray binary pulsars such as
V 0332+53 (Tsygankov et al. 2006) and 4U 0115+63 (Fer-
rigno et al. 2011). Using a numerical study on the effect
of cyclotron resonant scattering in highly magnetized accre-
tion powered X-ray pulsars, Scho¨nherr et al. (2014) showed
that a strong change in the pulse profile is expected at the
cyclotron absorption line energy. This change is attributed
to the effects of angular redistribution of X-ray photons by
cyclotron resonant scattering in a strong magnetic field com-
bined with relativistic effects. In GX 304-1, we observed a
significant change in the phase of main dip in the pulse pro-
file close to the cyclotron line energy. This detection, along
with the reported results from V 0332+53 and 4U 0115+63
supports the results obtained from the numerical study of
Scho¨nherr et al. (2014).
4.2 Spectroscopy
Broad-band spectra of accretion powered X-ray pulsars are
described by several continuummodels such as HIGHECUT,
FDCUT, cutoff power-law, NPEX, CompTT. Along with
the continuum model, additional components such as ab-
sorption due to matter present in the interstellar medium,
blackbody/bremsstrahlung for soft X-ray excess, Gaussian
functions for emission lines and cyclotron resonance scat-
tering features (CRSF) are also needed to explain the ob-
served spectrum. In case of several Be/X-ray binary pul-
sars, a partially absorption component is being used to de-
scribe the presence of several absorption features (dips) at
certain phases in the pulse profiles (Paul & Naik 2011 and
references therein). Detection of CRSF in the broad-band
pulsar spectrum provides direct estimation of the magnetic
field of X-ray pulsars. However, studies of CRSF at different
pulse phases of the pulsars can reveal important information
about the magnetic field geometry around the neutron star.
Therefore, broad-band spectroscopy of data obtained from
the observations with high spectral capability instruments
on-board Suzaku is an appropriate tool to understand the
properties of accretion powered X-ray pulsars.
This paper reports the broad-band phase-averaged and
phase-resolved spectroscopy of GX 304-1 by using two
Suzaku observations during its Type I outbursts. The es-
timated values of galactic equivalent hydrogen column den-
sity in the source direction (NH1) was same (within errors)
during both the observations. However, the values of addi-
tional column density (NH2 - local to the pulsar), were found
to be different during both the observations. The value of
NH2 was high during the 2010 August observation compared
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to 2012 January observation. It should be noted here that
the luminosities of the pulsar during the Suzaku observation
(Table 1) as well as at the peak (top panels of Fig. 1) of
2010 August outburst were high compared to corresponding
values during 2012 January outburst. This confirms that the
amount of mass accreted by the neutron star from the Be
circumstellar disk during 2010 August outburst was signifi-
cantly more than that during 2012 January outburst. Similar
findings have also been reported for EXO 2030+275 during
its Type I outbursts with significantly different luminosities
(Naik et al. 2013; Naik & Jaisawal 2015). High value of NH2
during more luminous Type I outbursts in Be/X-ray binary
pulsars can be explained as due to significant amount of
mass accreted by the neutron star from the circumstellar
disk of the Be companion star.
We estimated the effect of additional column density
(NH2) on the phase averaged spectrum by taking the differ-
ence in absorption corrected flux without and with NH2 com-
ponent. It was found that the 2010 August observation was
more affected by absorption due to additional matter com-
pared to the 2012 January observation. The flux differences
were estimated to be (1.8±0.9)×10−9 and (0.4±0.3)×10−9
ergs cm−2 s−1 for 2010 August and 2012 January observa-
tions, respectively. The covering fraction which is defined
as Norm2/(Norm1+Norm2), where Norm1 and Norm2 are
the normalizations of first and second power-law, was also
found to be high during first observation. Covering frac-
tion describes the possibility of interaction of photons with
the absorbing matter which is marginally offset from the
line of sight at a phase averaged solid angle of Ω/4pi=
Norm2/Norm1 (Endo et al. 2000). The averaged phase solid
angles (Ω/4pi) for first and second observations were esti-
mated to be 0.47 and 0.30, respectively. This indicates that
the additional absorbing matter during first observation was
present relatively more closer to the neutron star that ex-
tending to a larger solid angle.
Absorption dips in the pulse profiles of Be/X-ray bi-
nary pulsars are explained as due to the presence of narrow
streams of matter that are phase-locked with the neutron
star. The magnetospheric radius of the pulsar can be used
to constrain the location of additional absorbing matter in
such narrow streams. The size of magnetosphere of the pul-
sar depends on the mass accretion rate and the strength of
the magnetic field (Mushtukov et al. 2015a and references
therein) through the relation
Rm = 2.6 × 10
8
M
1/7
R
10/7
6 B
4/7
12 L
−2/7
37 cm (1)
Using standard values of mass and radius of canonical neu-
tron stars and the observed luminosities of GX 304-1 in
above equation, the magnetospheric radii were estimated to
be ∼5100 and 6300 km during first and second observations,
respectively. This confirmed that the pulsar magnetosphere
was relatively small during the first observation. Therefore,
the streams of additional matter were present within the
magnetosphere and found to be closer to the pulsar during
the first Suzaku observation.
Pulse-phase resolved spectroscopy of GX 304-1 dur-
ing two Type I outbursts showed the presence of narrow
streams of matter (higher value of NH2) at several pulse
phase ranges. The presence of such streams of matter are
interpreted as the cause of absorption dips detected in soft
X-ray pulse profiles of the pulsar. Several such dips are seen
in the pulse profiles of Be/X-ray binary pulsars during X-
ray outbursts. Density and opacity of matter in these nar-
row streams decides the energy dependence of the dips in
the pulse profiles of these pulsars. During both the observa-
tions, pulse-phase variation of covering fraction was found
to be similar. We suggest that the geometry or distribution
of absorbing matter around the pulsar is probably similar
during both observations but at different locations.
4.3 Cyclotron line in GX 304-1
Cyclotron absorption line or CRSF was clearly detected in
the spectra of GX 304-1 during both the observations and
was described with pseudo-Lorentzian function (CYCLABS)
in the continuum model. These are absorption like fea-
tures which appear in hard X-ray spectrum (∼10-100 keV)
through the resonant scattering of the photons with elec-
trons in strong magnetic field (∼1012 G) near the poles of the
neutron star. The cyclotron line energy is related with the
magnetic field through the relation Ecyc=11.6B12×(1+z)
−1
(keV) or 12-B-12 rule, where B12 is the magnetic field in the
unit of 1012 G and z is the gravitational red-shift. Detec-
tion of CRSF in the pulsar spectrum, therefore, provides
the direct measurement of the magnetic field of the neu-
tron star. Though, CRSF was already detected in GX 304-1
(Yamamoto et al. 2011), Suzaku observations at different
source intensities provide an opportunity to investigate the
luminosity dependence of the cyclotron line energy. The cy-
clotron feature was detected at ∼53 and 50 keV during 2010
August and 2012 January Suzaku observations, respectively.
The observed cyclotron absorption line energies are not sig-
nificantly different. However, it shows a positive dependence
on the pulsar luminosity, as seen in Her X-1 (Staubert et al.
2007). In some other cases such as 4U 0115+63 (Nakajima
et al. 2006; Tsygankov et al. 2007), and V 0332+53 (Tsy-
gankov et al. 2010), a negative correlation is observed be-
tween the luminosity of pulsar and the cyclotron absorption
line energy.
Attempts have been made to explain the observed posi-
tive and negative correlation between pulsar luminosity and
the cyclotron line energy. A negative correlation is expected
in super-critical regime where the source luminosity is higher
than the critical luminosity (Becker et al. 2012; Mushtukov
et al. 2015a). Above critical luminosity, density of infalling
matter becomes so high that the particles start interact-
ing and decelerating through the formation of a radiation-
pressure dominated shock above the neutron star surface.
Cyclotron scattering features most likely occur closer to the
shock region. With increasing luminosity, the shock height
drift upwards in the accretion column where relatively low
strength of magnetic field produces cyclotron feature at
lower energy. It explains negative correlation as observed
in 4U 0115+63 and V 0332+53. However, the positive cor-
relation is predicated for a sub-critical regime e.g. below
critical luminosity. The pressure of accreting matter in this
regime pushes hydrodynamical shock closer to the neutron
star surface where increase in the strength of magnetic field
with luminosity results a positive correlation between the
cyclotron line energy and luminosity (Staubert et al. 2007),
as seen in Her X-1 and GX 304-1. The 1-70 keV luminos-
ity of GX 304-1 during first and second Suzaku observations
was estimated to be 2.3×1037 and 1×1037ergs s−1, respec-
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tively, which lies in the sub-critical regime (Mushtukov et
al. 2015a) and expected to show a positive correlation with
cyclotron line energy.
Poutanen et al. (2013) and Nishimura (2014) have pro-
posed alternate models to describe the dependence of cy-
clotron absorption line energy on the source luminosity. In
these models, it is argued that the formation of cyclotron
line in direct spectrum is questionable due to the large gra-
dient of magnetic field strength along line forming region
in the accretion column. However, cyclotron line (CRSF)
can be formed in the reflected radiation from the surface of
the neutron star where magnetic field gradient is relatively
small (Poutanen et al. 2013). It is widely believed that the
accretion column height is linearly dependent on source lu-
minosity (>1037 ergs s−1) or accretion rate. At higher lumi-
nosity, larger area on neutron star surface (from the poles
with strong magnetic field towards equator with weak field
strength) is expected to be illuminated for cyclotron inter-
actions. This explains the observed anti-correlation between
cyclotron line energy and luminosity, as seen in V 0332+53.
However, Nishimura (2014) described the observed correla-
tions by considering the changes in polar emission region,
direction of photon propagation and the shock height. The
negative correlation was interpreted in terms of shock region
displacement whereas the positive correlation was explained
by using the changes in beam pattern. In case of GX 304-1
(present work), the cyclotron absorption line width, depth
and ratio of line width and energy (W/Ecyl) show positive
correlation with luminosity. The observed positive correla-
tion between the cyclotron line energy and luminosity in
GX 304-1, therefore, can be explained as due to the change
in beam pattern, as described by Nishimura (2014). Alterna-
tively, Mushtukov et al. (2015b) discussed the positive lumi-
nosity dependence of sub-critical X-ray pulsars like GX 304-
1 by studying the changes of plasma velocity profile in line-
forming region under influence of radiation pressure from the
hot-spot. The cyclotron line energy at a luminosity was de-
termined by corresponding redshift from velocity profile at
a given height. This model successfully predicts the positive
luminosity correlation of cyclotron line energy for pulsars
like GX 304-1 along with cyclotron line width dependence
on luminosity and pulse phase variation of cyclotron line
parameters, which were not being discussed in Nishimura
(2014).
Investigation of the change in cyclotron parameters with
pulse phase of the pulsar provides important evidences to
understand the emission geometry as well as the magnetic
field mapping around the neutron star. A comparative study
of these parameters at different intensity levels during sev-
eral outbursts can also yield information about the changes
in emission or accretion column geometry. Pulse-phase re-
solved spectroscopy of cyclotron absorption line is one of the
interesting results of this work. During both Suzaku observa-
tions of the pulsar, cyclotron energy and depth were found
significantly variable with pulse-phase. Change in cyclotron
line parameters with pulse phase has also been seen in other
X-ray pulsars such as Cen X-3 (Burderi et al. 2000), GX 301-
2 (Kreykenbohm et al. 2004), 1A 1118-61 (Maitra et al.
2012), A 0535+26, XTE J1946+274, 4U 1907+09 (Maitra &
Paul 2013), V 0332+53 (Lutovinov et al. 2015) and Cep X-4
(Jaisawal & Naik 2015) with ∼10-30% variation in cyclotron
energy.
The cyclotron line energy for GX 304-1 was found vari-
able with phase up to 17% and 24% for first and second
Suzaku observations, respectively. However, the cyclotron
line depth showed phase dependence within a factor of ∼2.5
for both observations. Various simulations were performed
to study the dependence of the cyclotron line on pulsar
phases, assuming certain sets of rule and geometry in line
forming region (Scho¨nherr et al. 2007; Mukherjee & Bhat-
tacharya 2012). These studies predicated that 10-30% vari-
ation in cyclotron energy with phases can be resulted due to
effects of viewing angle of accretion column or emission re-
gion. However, more than 30% changes in cyclotron energy
is contributed by distortion in the magnetic field geometry.
In GX 304-1 (present work), cyclotron energy is found to
be variable within 24% for both observations which can be
explained as effects of viewing angle or local distortion in
the magnetic field in line forming region. We found that
the cyclotron energy and depth for both observations were
peaking around the 1.0-1.1 (or 0.0-0.1) phase range, which
lies closer to the peak of pulse profiles at >35 keV. This re-
sult supports the effect of cyclotron resonance scattering on
beaming pattern that changes the shape of the pulse profiles.
In summary, the timing and spectral properties of
GX 304-1 were presented by using Suzaku observations dur-
ing Type I outbursts. Absorption dips were detected in the
pulse profiles at soft X-rays. These dips were originated due
to obscuration/absorption of X-ray photons with narrow
streams of accretion flow at certain pulsar phases. The shape
of pulse profiles was significantly changed at >35 keV e.g.
close to the cyclotron line energy. Significant pulse phase
dependence of cyclotron line was explained as the effects of
viewing angle or the role of complicated magnetic field of
the pulsar.
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